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Rutile-phased TiO2-filled polyethylene (PE/TiO2) composites with dielectric
constant (er) ranging from 3.2 to 10.45 have been prepared by melt-mixing
method and hot-molding techniques. The dielectric constant and dielectric loss
(tand) of PE/TiO2 composites show an increasing trend, whereas the relative
density, coefficient of thermal expansion and tensile strength showed a
monotonically descending trend with increasing the rutile-phased TiO2 con-
tents. A comparison of experimental and theoretical results shows large
deviation at high filler contents. The prepared rutile-phased TiO2-filled PE
composites were well suited for microwave application, especially for its ultra-
low loss tangent (< 1.0 9 103).
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INTRODUCTION
The miniaturization of cost-effective product and
high-frequency operation have become the preferred
orientation for electronic components with the
development of electronic industries.1 This requires
microwave dielectric ceramic materials with suit-
able er values, low tand and resonant frequency
stability over a wideband microwave range,2 as well
as excellent mechanical and thermal stability for
substrate and packaging application.3–5 At present,
most commercial microwave substrates for commu-
nication applications are ceramic and polymer com-
posite materials. Polymer-based dielectric materials
are also widely applied in electronic products, such
as digital printed circuit boards, patch antennas
and so on due to their good processability and
excellent dielectric properties.
Ceramic–polymer composites hold multiple
design space opportunities to improve material
properties and achieve multifunctional devices.
Among resin-based composites, polyethylene (PE)
is one of the most available6 thermoplastics with
small er, an extremely low dielectric loss (tand  10
4),7 and good insulating and processing proper-
ties.8,9 Although PE has many merits, especially its
unique electrical properties, its high linear coeffi-
cient of thermal expansion (CTE) and poor mechan-
ical strength might restrict its direct application in
electronic products. In order to combine the attrac-
tive merits of polymer and traditional microwave
ceramics, inorganic powders with high er have
always been added to the PE matrix to improve its
microwave dielectric properties and other proper-
ties such as thermal and mechanical properties. On
the other hand, rutile-phased TiO2 is a well-known,
cost-effective microwave dielectric material of high
er and low tand.
10 In this work, the microwave,
mechanical and thermal properties of PE/TiO2
composites were first reported. Additionally, the
experimental er was compared with predicted er by
different theoretical models.
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EXPERIMENTAL PROCEDURE
High-purity TiO2 powders (> 99.99%; mean size
1–2 lm, anatase, purchased from West Long Chem-
ical Co., Ltd., Guangdong, China.) and low-density
PE (LDPE; the melt flow index is 0.3 g/10 min,
purchased from Dongguan Plastic Big Plastic Mate-
rial. Co., Ltd., Guangdong, China.) filled with
2.5 wt.% nano-sized inorganic fillers, including cal-
cium carbonate, talc, barium titanate, barium sul-
fate, calcium silicate and silica, were used as the
starting materials. Heat treatment was conducted
on the anatase TiO2 at temperatures ranging from
25C to 1100C at a heating rate of 5C min1 to
ensure complete transformation from anatase phase
to rutile phase. The obtained powders were ball-
milled for 12 h in a polytetrafluoroethylene bottle
with zirconia balls, and distilled water was used as
the immersion medium. Subsequently, the TiO2
particles were then dried and finally surface-pre-
treated with the silane coupling agent KH550.
The starting materials of PE and rutile-phased
TiO2 powders were mixed by using a kneading
machine in a heating facility with the maximum
temperature up to 300C. Different amounts (from
0 vof.% to 38 vof.%) of TiO2 powders were added to
the melted polyethylene and blended at 170C for
1 h. The well-mixed doughs were immediately
removed from the mixed chamber and sheered on
a cold two-roll mill, followed by hot pressing under a
pressure of 20 MPa and 130C for 30 min. A series
of PE/TiO2 composites were prepared, and the
compositions of the samples are shown in Table I.
The bulk density of the composites sample was
measured by the Archimedes method, and distilled
water was used as the immersion medium. The
crystalline structure and phase purity of PE/TiO2
composites were studied by x-ray diffraction method
(XRD) using Cu-Ka radiation (Bruker-AxsD8). The
sample cross sections were prepared by using a
diamond knife, and the microstructure of PE/TiO2
composites were observed by scanning electron
microscopy (SEM; Hitachi SU70).
The CTE of PE/TiO2 composites was measured by
thermo-mechanical analyzer (PCY type horizontal
expansion instrument) in the range 25–150C at a
heating rate of 20C min1. The tensile strength of
PE/TiO2 composites was measured using a Univer-
sal testing machine (AGS-X 5KN, Shimadzu, Japan)
at a loading rate of 1 mm min1.
It’s difficult to prepare cylindrical or spherical
samples for cavity measurements, whereas micro-
wave dielectric materials are usually produced in
thin sheets. Herein, the split-post dielectric res-
onator (SPDR) method was performed for the
accurate measurement of dielectric constant with-
out needing special shape. Hence, the SPDR
method11,12 was chosen to test the microwave
dielectric properties of PE/TiO2 composites in this
work.
RESULTS AND DISCUSSION
Figure 1 presents the XRD patterns of the PE/
TiO2 composite samples. It is readily observed that
the peaks of PE/TiO2 composites with different TiO2
contents are well matched with the standard ICSD
card for rutile-phased TiO2 (JCPDS no. 21-1276).
The typical diffraction peaks of PE in the PE/TiO2
composites indicated by the asterisk are located at
21.657 and 24.032, corresponding to (110) and
(200) crystal planes of PE (no. 53-1859), respec-
tively, indicating that a ‘‘composite’’ mixing effect
occurs between PE matrix and TiO2 powders.
The theoretical density (TD) of PE/TiO2 compos-
ites was calculated using the formula as follows13:
q ¼ M1 þM2
M1=q1 þ
M2=q2
; ð1Þ
where q and M represent the TD and molar mass,
respectively. Subscripts of 1 and 2 represent the PE
and TiO2, respectively. Herein, q1 = 0.94 g cm
3
(estimated from JCPDS no. 53-1859) and
q2 = 4.25 g cm
3 (estimated from JCPDS no. 21-
1276).
Relative density of PE/TiO2 composites with
various TiO2 contents is shown in Fig. 2. It is
obviously observed that the relative density
decreases (from 98% to 92%) as TiO2 filler loading
increases (from 0 vof.% to 38 vof.%), which suggests
that the deviation of the experimental density from
the TD values are more apparent at high TiO2
volume fraction.
Figure 3a–f shows the cross-section SEM of PE/
TiO2 composites with different rutile-phased TiO2
loaded. Rutile-phased TiO2 particles of 1–4lm were
distributed uniformly throughout the PE matrix,
which would result in excellent microwave proper-
ties of PE/TiO2 composites. However, the ceramic-
to-ceramic connectivity in PE/TiO2 composite
increases with increasing TiO2 contents, which is
expected to result in producing more internal pores,
possibly deteriorating the microwave properties of
PE/TiO2 composites. At some points, agglomeration
of TiO2 particles and the lack of homogeneous
Table I. The compositions of PE/TiO2 composites
Sample C1 C2 C3 C4 C5 C6 C7
TiO2/PE (wt.%) 0 0.5 1.2 1.5 2 2.5 2.75
TiO2/composite (vof.%) 0 10 21 25 31 36 38
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dispersion are readily observed by the excessive
rutile-phased TiO2 loading in the composite shown
in Fig. 3e and f.
Figure 4 summarizes the microwave properties of
PE/TiO2 composites with different filler loading.
The dielectric constant of PE/TiO2 composites shows
an increasing trend (from 3.2 to 10.45) as the rutile-
phased TiO2 content increased to nearly 40 vof.%,
since the er values of rutile phase TiO2 (around
er  100) are much higher than that of the PE
matrix. In addition, the tand also showed a progres-
sive increase (from 3.0 9 104 to 8.0 9 104) with
increasing filler fraction (from 0 to 0.38). It is
interesting to note that PE loaded with 38 vof.%
rutile-phased TiO2, namely C7, has er = 10.45 and
tand = 0.0008 (@1.68 GHz). Such excellent micro-
wave dielectric properties benefit from the ultra-low
intrinsic loss of rutile-phased TiO2 and PE.
Especially, polyethylene is a non-polar polymer
whose main chain is a simple hydrocarbon
(–CH2CH2–)n.
Dielectric performance is important for the prac-
tical application of microwave composite dielectric
materials. For example, the dielectric constant
determines the size of microwave device and the
propagation speed of the microwave band. To
achieve high-speed propagation of the signal, the
microwave composite dielectric material must have
a low dielectric constant. Nevertheless, to reduce
the size of the circuit board, microwave composite
dielectric materials must have a higher dielectric
constant. The dielectric loss tangent has a decisive
influence on the integrity of the long-distance
transmission of electronic signals. Whether it is a
microwave composite dielectric material with high
dielectric constant or low dielectric constant, it must
have a low dielectric loss tangent. Hence, different
rutile-phased TiO2 powder contents were filled in
the PE matrix, namely, PE/TiO2 composites with
series er (3.2–10.45) and ultra-low tand (< 0.001),
providing a new insight to the preparation of
microwave composites.
Dielectric constants of PE/TiO2 composites with
various TiO2 volume fractions were predicted by
different modeling techniques. This paper provides
a comparison of results obtained from the experi-
mental measurements and different theoretical
modeling, such as Lichtenecker (Eq. 2),14 modified
Lichtenecker (Eq. 3)15 and Maxwell–Wagner
(Eq. 4)16 applied to predict the er values of PE/
TiO2 composites as presented in Fig. 5.
log eeff ¼ Vf log ef þ ð1  Vf Þ log em ð2Þ
log eeff ¼ log ef þ Vf ð1  kÞ log
ef
em
 
ð3Þ
eeff ¼ em
2em þ ef þ 2Vf ðef  emÞ
2em þ ef  Vf ðef  emÞ
 
ð4Þ
where eeff, ef and em are the er values of PE/TiO2
composites, TiO2 and PE, respectively, Vf is the TiO2
contents (vof.%), and k in Eq. 3 is decided by the
morphology.17 It was reported that k is equal to 0.3
when the polymer/ceramic composites were well-
dispersed.15
The predicted values of different theoretical mod-
eling show the same trend as the measured values.
However, the measured er results show an apparent
deviation from the predicted values for imperfect
mixing and a higher porosity18 at high TiO2 particle
contents,17 which can be referred from the results of
relative density (Fig. 2) and SEM (Fig. 3). The
theoretical er values predicted by Lichtenecker
model show a better correlation with experimental
values compared with modified Lichtenecker and
Maxwell–Wagner models, especially considering
that the measured er results deviate more strongly
Fig. 1. XRD patterns of PE/TiO2 composites with different TiO2
volume fraction.
Fig. 2. Relative density of PE/TiO2 samples with various TiO2
volume fraction.
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from the calculated er values when the TiO2 particle
content is up to 25 vof.%.
The morphology factor k in Eq. 3 needs to be
modulated according to the microstructure of the
TiO2 particle and the interface properties of the
TiO2 particle/PE matrix.
17 Herein, the morphology
factor k = 0.15 in the modified Lichtenecker model
(Eq. 3) is well-suited for PE/rutile-phased TiO2
composites at higher filler contents (‡ 25 vof.%). It
was reported that19,20 the Maxwell–Garnett model
(Eq. 4) can be only used at a low filler content. In
this work, Eqs. 3 and 4 show good agreement with
experimental er values only at a lower filling
fraction (£ 25 vof.%).
Usually, the er values of the powder are difficult to
obtain directly, so the er values of the bulk ceramic
were used to predict the theoretical value. However,
the er values of the ceramic powder are much
different from that of the bulk ceramic, which may
result in the deviation between experimental and
predicted results.21
Figure 6 shows the variation of CTE for PE/TiO2
composites with various TiO2 contents. Figure 7
indicates that the CTE of PE/TiO2 composites
decreases rapidly with increasing the TiO2 content.
This is mainly due to the low CTE of rutile-phased
TiO2 particles (£ 10 ppm/C) as compared to that of
the PE matrix (around 220 ppm/C). In general, the
Fig. 3. The cross-section SEM of PE/TiO2 composites with different filler loading: (a) C2, (b) C3, (c) C4, (d) C5, (e) C6, (f) C7.
Fig. 4. Variation in er and tand of PE/TiO2 composites with various
TiO2 contents.
Fig. 5. The measured and theoretical er values of PE/TiO2
composites as a function of TiO2 contents.
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average distance between neighboring particles
decreases with the increase of particle contents,
which led to the transformation from loosely bound
polymer to the tightly bound polymer in polymer/
ceramic composites.18 In this work, the CTE of PE/
TiO2 composite decreases from 150 pm/C to
61 ppm/C with the increase of rutile-phased TiO2
content from 0 vof.% to 38 vof.%. The CTE of the
composite substrate is another important factor
determining whether it can be used for the sub-
strate matching with copper. However, the CTE
value of PE/TiO2 composites with series er is much
larger than that of copper conductor layer
( 16 ppm/C), which may restrict its application
in wide ranges of temperature as microelectronic
substrates.
The tensile strength of rutile-phased TiO2-filled
PE composites is presented in Fig. 7. The results
show a monotonous decrease from 19 to 8.78 with
increasing the filler loading from 0 vof.% to
38 vof.%, which may be attributed to the decrease
of deformation for PE/TiO2 composites when PE is
loaded with more and more rutile-phased TiO2
particles. It is generally believed that the connec-
tivity in the polymer matrix decreases, and the
percentage elongation decreases with increasing the
inorganic powder contents,20 hence resulting in
reducing the tensile strength. Herein, a minimum
tensile strength of 8.78 MPa is obtained for C7
composites.
CONCLUSIONS
Pure rutile-phased TiO2 powders were filled in
the PE matrix with various contents by melt-mixing
and hot-molding techniques. The effects of rutile-
phased TiO2 contents on the microwave dielectric
properties, CTE and mechanical properties of PE/
TiO2 composites were studied. The results show
that the relative density decreases (from 98% to
92%) as TiO2 filler loading increases (from 0 vof.%
to 38 vof.%). Moreover, the experimental er values
show a large deviation with that predicted by
different theoretical approaches at high filler con-
tents due to inhomogeneous mixing and higher
porosity. In addition, CTE and the tensile strength
showed a monotonously decreasing trend with the
increase of TiO2 contents. This study indicates that
PE/TiO2 composites are promising candidates for
microwave application, especially for its ultra-low
loss tangent (< 1.0 9 103) and low cost, whereas
the high CTE may restrict its application in wide
ranges of temperature as microelectronic
substrates.
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